Itch, initiated by the activation of sensory neurons, is frequently associated with dermatological or systemic diseases and significantly affects patient quality of life. MrgprA3 + sensory neurons have been identified as one of the major itch-sensing neuronal populations. Mounting evidence has demonstrated that peripheral pathological conditions induce physiological regulations of sensory neurons, which is critical for the maintenance of chronic itch sensation. However, the underlying molecular mechanisms are not clear. Here we performed RNA sequencing of genetically labeled MrgprA3 + neurons under both naï ve and allergic contact dermatitis condition.
INTRODUCTION
Chronic itch is a devastating symptom frequently associated with dermatological diseases such as atopic dermatitis, psoriasis, and lichen planus (Yosipovitch and Bernhard, 2013) . The significant discomfort associated with chronic itch not only leads to scratching, which worsens skin inflammation and causes secondary infection, but also influences the psychosocial status of the patients, triggering sleep disruption and further reducing quality of life (Leader et al., 2015) .
Itch sensation is initiated by the activation of sensory neurons whose cell bodies reside in the dorsal root ganglia (DRG) or trigeminal ganglia (TG). Skin innervating sensory neurons project their peripheral and central axons to the skin and spinal cord respectively, providing a bridge for information flow from the peripheral skin to the central nervous system. Cutaneous stimuli or insults in the inflamed skin, such as pruritogens, are transduced into neuronal activities in the skin nerves to activate itch neural circuits and convey the signals to the brain (Ikoma et al., 2006) . Sensory neurons are highly diverse and have been classified into distinct groups based on their electrophysiological properties, expression of molecular markers and functional implications (Basbaum et al., 2009; Dong and Dong, 2018; Han and Dong, 2014; Zimmerman et al., 2014) .
Recent single-cell sequencing-based technologies revolutionized basic biomedical research and established a powerful and unbiased strategy for classification of neuronal types (Chiu et al., 2014; Hu et al., 2016; Kupari et al., 2019; Li et al., 2016; Usoskin et al., 2015) . Three pruriceptive sensory neuron subtypes have been identified by both functional studies and singlecell RNAseq analysis and named NP1-3, each of which expresses distinct itch receptor combinations (Usoskin et al., 2015) . NP1 neurons are classified by the expression of MrgprD (Liu et al., 2012) , whereas NP2 neurons are classified by the expression of MrgprA3 and MrgprC11 (Han et al., 2013; Liu et al., 2009 ). Lpar3 and Lpar5 (Lysophosphatidic acid receptor 3 and 5) are highly expressed in NP1 population as well (Liu et al., 2012; Oude Elferink et al., 2015) . NP3 neurons express the most itch receptors, including two co-receptors for IL-31 (Il31ra and osmr), Cysltr2 (cysteinyl leukotriene receptor 2), Htr1f and S1pr1 (sphingosine-1-phosphate receptor 1) (Huang et al., 2018b; Mishra and Hoon, 2013; Solinski et al., 2019; Storan et al., 2015; Usoskin et al., 2015) .
Peripheral pathological conditions can profoundly change the physiological properties of the innervating sensory neurons and modulate the communication of sensory neurons with secondorder spinal neurons by utilizing both transcriptional and translational modifications (Basbaum et al., 2009; Piomelli and Sasso, 2014; Waxman and Zamponi, 2014) . Indeed, ample evidence has demonstrated that nerve injury and inflammation can induce dysregulation of ion channel expression, which results in enhanced neuronal excitability that underlies chronic neuropathic and inflammatory pain (Waxman and Zamponi, 2014) . This notion is further supported by the morphological and physiological changes of itch-sensing neurons under chronic itch conditions (Akiyama et al., 2010; Qu et al., 2014; Valtcheva et al., 2015; Zhu et al., 2017) . For example, our recent studies demonstrated that NP2 MrgprA3 + neurons exhibit elevated itch receptor expression and hyperinnervation in the skin in a mouse dry skin model (Zhu et al., 2017) and enhanced excitability and spontaneous activities in a contact dermatitis model (Qu et al., 2014) .
Although the molecular mechanisms underlying those changes are not clear, RNA sequencing technology provides a reliable tool to reveal transcriptional level changes in the cells. Gene expression profiling of sensory neurons under a variety of pathological pain conditions have been investigated at either whole neuronal population or single-cell level (Aczel et al., 2018; Chung et al., 2016; Hu et al., 2016; Kathe and Moon, 2018; Starobova et al., 2019) . However, analysis of itch-sensing neurons under chronic itch conditions have never been reported. Here we performed transcription profiling of MrgprA3 + neurons and investigated the change of its transcriptome following allergic contact dermatitis. The results will provide mechanistic insight into the molecular basis of chronic itch associated with atopic contact dermatitis and help to identify potential therapeutic targets for treatment.
RESULTS:

MrgprA3 + neurons are a distinct subpopulation of DRG sensory neurons
In our previous study we generated a MrgprA3 GFP-Cre line, which allows genetic labeling of MrgprA3 + neurons (Han et al., 2013) . We treated the lower back skin of MrgprA3 GFP-Cre mice with an allergen, squaric acid dibutylester (SADBE), to induce allergic contact dermatitis (ACD). We selected the lower back skin to minimize possible scratching-induced skin injury since mice are not able to scratch their lower back skin effectively. The treatment induced parakeratosis, dense inflammatory cell infiltration in the skin ( Figure 1A) , and spontaneous scratching behavior ( Figure 1B) , mimicking the symptoms of human patients with ACD.
Thoracic and lumbar DRG (T11-L6) innervating the treated skin area were isolated after treatment and enzymatically dissociated. MrgprA3 + neurons and MrgprA3neurons were FACS purified based on GFP fluorescence, after DAPI staining to exclude dead cells, and the total RNA was extracted for RNA-seq analysis. cDNA libraries of MrgprA3 + and MrgprA3neurons were generated, sequenced, and analyzed for both the control and ACD treatment groups.
Principal Components Analysis (PCA) showed clear segregation of MrgprA3 + and MrgprA3neurons, both before and after the ACD treatment ( Figure 1C ), demonstrating that MrgprA3 + neurons are a distinct subpopulation of DRG sensory neurons.
We further quantitatively evaluated how transcriptome profiles are different between control and ACD treatment groups within the MrgprA3 + and MrgprA3neuron samples. Particularly, we used the top 11 principal components of the transcriptome profiles (explaining 99% transcriptome variation) as features to fit a classification model to classify control and ACD treatments group (Cortes and Vapnik, 1995) , respectively for MrgprA3 + and MrgprA3samples.
As shown in the plot of the receiver operating characteristic (ROC) curve of the classification results (Fawcett, 2006) (Figure 1D ), the area under the ROC curve (AUC) is clearly higher for the MrgprA3 + neuron samples, demonstrating better classification results. This data suggest that the MrgprA3 + neurons exhibited larger transcriptome profile change compare to the MrgprA3neurons after ACD treatment, consistent with the key role MrgprA3 + neurons play in mediating ACD itch.
Transcriptional profile of MrgprA3 + neurons
We first compared the data from MrgprA3 + and MrgprA3populations in the control group to reveal the distinct transcriptional profile of MrgprA3 + neurons. In total 1,845 genes, including 584 upregulated genes and 1,261 downregulated genes, were found to be differentially expressed in MrgprA3 + neurons ( Supplementary Table 1 ). We analyzed the specific Gene Ontology (GO) categories of the enriched genes in both neuronal populations ( Figure 1E and 1F, Supplementary   Table 2 ). Significant GO Biological Process terms of the genes enriched in MrgprA3 + neurons include itch (Custom GO Term), membrane hyperpolarization (GO:0060081), and response to ATP (GO:0033198), consistent with MrgprA3 + neurons function as itch-sensing neurons.
Conversely, GO terms associated with genes enriched in MrgprA3neurons include pain (GO:0019233), thermal sensation (GO:0009266), mechanical sensation (GO:0050954), and locomotion (GO:0040011), which is unsurprising because MrgprA3neurons include pain sensors, touch sensors, and proprioceptors. GO terms such as neurogenesis (GO:0022008), neuron differentiation (GO:0030182), and ion transport (GO:0006811) are associated with genes enriched in both groups, suggesting that the two neuronal populations engage different gene sets to perform the same biological process. Similar results were also demonstrated by the GO Molecular Function analysis (GO:0022857 transmembrane transporter activity and GO:0005261 cation channel activity). Many GO categories associated with MrgprA3 + neurons are related to ion channels such as ion transport (GO:0006811), membrane hyperpolarization (GO:0060081) in GO-BP, and calcium-activated cation channel (GO:0005227) in GO-MF, suggesting that MrgprA3 + neurons utilize distinct groups of ion channels to perform neuronal functions.
We next examined the gene expression pattern of known genes that are important for sensory neuron functions. The first group we analyzed were Mrgpr (mas-related G protein-coupled receptor) family members (Meixiong and Dong, 2017) (Figure 2A ). Consistent with previous studies from our group and others, MrgprB4, MrgprC11, and MrgprA1 are enriched in MrgprA3 + neurons (Han et al., 2013; Li et al., 2016; Lou et al., 2015; Meixiong et al., 2019) .
Five other Mrgprs with unknown functions including MrgprA2b, MrgprA4, MrgprA7, MrgprA8, and MrgprB5 are also highly enriched in MrgprA3 + neurons. MrgprD is downregulated since MrgprD + and MrgprA3 + neurons are two separate populations (Liu et al., 2012; Usoskin et al., 2015) . It is interesting to see nine members of the same family enriched in MrgprA3 + neurons, which only constitute 8% of the DRG sensory neurons. Among them, three (A3, C11, and A1) have been previously identified as itch receptors (Liu et al., 2012; Liu et al., 2009) . Whether other enriched members are involved in itch sensation will be an interesting topic for future investigation. We then analyzed 19 known genes that play an important role in itch sensation ( Figure 2B ). Two histamine receptors (Hrh1 and Hrh2) and Plcb3, an isozyme mediating histamine-induced sensory neuron activation, are enriched in MrgprA3 + neurons Han et al., 2006) . Neuromedian B (Nmb), a neuropeptide required for scratching behaviors induced by histamine, compound 48/80, and 5-HT (Wan et al., 2017) , is also enriched in MrgprA3 + neurons.
Nmb has been shown to be highly expressed in MrgprA3 + trigeminal sensory neurons innervating the conjunctiva and mediating ocular itch (Huang et al., 2018a ). The enrichment of these genes and Mrgprs suggests that MrgprA3 + neurons are the primary, direct mediator of the Mrgprs agonists and histamine-induced itch.
As MrgprA3neurons include NP1 and NP3 populations (Usoskin et al., 2015) , they are similarly enriched for many itch receptors and or itch-related molecules. The expression of Nppb (Natriuretic Peptide B) and Sst (somatostatin) defines the pruriceptive NP3 population that does not express MrgprA3 (Solinski et al., 2019; Usoskin et al., 2015) . Cysltr2 (cysteinyl leukotriene receptor 2), Htr1f (5-Hydroxytryptamine Receptor 1F), and S1pr1 (sphingosine-1-phosphate receptor 1) are all enriched in Nppb/Sst + NP3 neurons and mediate leukotriene C4, serotonin, and sphingosine-1-phosphate-induced itch sensation, respectively (Solinski et al., 2019) . Both co-receptors for IL-31 (Il31ra and osmr) are highly expressed in both MrgprA3 + and MrgprA3neurons, although MrgprA3neurons are more enriched for Il31ra, suggesting that MrgprA3 + neurons are part of the neuronal population mediating Il-31-induced itch. Lysophosphatidic acid is a pruritogen in the sera of cholestatic patients with pruritus (Kremer et al., 2010) . Lpar3 (Lysophosphatidic acid receptor 3), one of the cognate receptors for Lysophosphatidic acid, is exclusively expressed in pruriceptive NP1 population defined by the expression of MrgprD + neurons and is downregulated in MrgprA3 + neurons. The other receptor examined for Lysophosphatidic acid (Lpar1) is also downregulated in MrgprA3 + neurons. The expression of both endothelin receptors and endothelin converting enzyme 1 (Ece1), which promotes endothelin receptor recycling and serves as a negative regulator of endothelin-induced itch (Kido-Nakahara et al., 2014) , is relatively higher in MrgprA3population. Htr7 (5-Hydroxytryptamine Receptor 7), which couples to TRPA1 to mediate serotonergic itch (Morita et al., 2015) , is preferentially expressed in MrgprA3neurons. The expression of some receptors such as Protease-activated receptor 2 (Par2) is not clear in our RNAseq analysis probably due to unreliable detection.
Transient receptor potential (TRP) ion channels are key sensors for heat, cold, and reactive chemicals in sensory neurons (Basbaum et al., 2009) . They are often recruited by G proteincoupled receptors to induce calcium influx and action potential generation to respond to noxious or pruriceptive stimuli. For example, histamine receptor 1 (Hrh1) activates TRPV1 to induce neuronal activation (Shim et al., 2007) , whereas MrgprA3 and MrgprC11 recruit TRPA1 (Wilson et al., 2011) . Although both TRPA1 and TRPV1 are highly expressed in MrgprA3 + neurons, they both are expressed in a very large population of small-diameter neurons. Thus, the present analysis demonstrates the enrichment of TRPA1 and TRPV1 in MrgprA3neurons. Cold sensory TRPM8 is significantly enriched in MrgprA3neurons. The only TRP channel enriched in MrgprA3 + neurons is TRPC3, whose function in itch sensation is not yet clear ( Figure 2C ). We next examined the expression patterns of several families that are key players in nociception, which include purinergic receptors, prostaglandin receptors, and acid-sensing ion channels (Basbaum et al., 2009) (Figure 2D ). Three genes are observed to be specifically enriched in MrgprA3 + neurons including P2rx2 (ionotropic purinergic receptor 2), P2ry2 (metabotropic purinergic receptor 2), and Ptger4 (prostaglandin E receptor 4, or EP4). The enrichments of P2rx2 and P2ry2 raise the question if ATP plays a role in itch induction, which has not been intensively investigated yet. Previous studies have shown an increased level of prostaglandin E2, an agonist for EP4, in the skin of patients with atopic dermatitis (Fogh et al., 1989) . Consistently, blockade of PGE2 signaling reduced spontaneous scratching behavior in a mouse model of dermatitis (Emrick et al., 2018) . Our analysis suggests that PGE2 might activate MrgprA3 + neurons via the activation of EP4.
In the 'Other sensory neuron markers' category ( Figure 2F ), as expected, many markers for nonpruriceptive neurons are downregulated in MrgprA3 + neurons. Markers for large-diameter neurons (vGlut1, Ldhb, Cavna1h, Spp1, and Fam19a1), markers for proprioceptors (Pvalb), and marker for C-low-threshold mechanoreceptors (TH and vGlut3) (Usoskin et al., 2015) has long been one of the criteria to classify somatosensory neurons (Lallemend and Ernfors, 2012) . MrgprA3 + neurons are enriched for Gfra1 (GDNF receptor alpha 1) and Ntrk1 (TrkA, neurotrophic receptor tyrosine kinase 1). Interestingly, we also observed the enrichment of Runx2 (runt related transcription factor 2), the only Runx family member that has not been linked to somatosensory neurons differentiation and function, in MrgprA3 + neurons ( Figure 2E ).
Neuropeptides are one of the major types of molecules mediating neuronal transduction. In the somatosensory neural pathway, several neuropeptides have been demonstrated to be neurotransmitters or neuromodulators, such as Nmb, GRP, Nppb, and Sst (Huang et al., 2018b; Mishra and Hoon, 2015; Solinski et al., 2019; Wan et al., 2017) . Similar to the previous singlecell RNA-seq analysis, we found MrgprA3 + neurons are enriched for Nmb (neuromedin B), CGRP (Calca, and Calcb, calcitonin/calcitonin-related polypeptide, alpha and beta), and Agrp (Agouti-related peptide). In addition, we found that MrgprA3 + neurons are enriched for Pcsk2 (Proprotein Convertase Subtilisin/Kexin Type 2), and Pcsk1n (Proprotein Convertase Subtilisin/Kexin Type 1 Inhibitor), both of which are involved in the processing of neuropeptide and have never been linked to sensory neuron function ( Figure 2G ).
We next focused our analysis on the expression patterns of voltage-gated ion channels, which determine the generation of action potentials and neuronal firing patterns (Figure 3 ). We found that MrgprA3 + neurons employ unique combinations of ion channels to maintain the resting membrane potential and initiate the neuronal firing. For sodium channels ( Figure 3A ), Nav1.9 (Scn11a) is enriched in MrgprA3 + neurons, which is in line with its known role in itch sensation (Salvatierra et al., 2018) . The other two enriched members in MrgprA3 + neurons are  subunits of voltage-gated sodium channels Scn2b and Scn3b, both of which have been linked based on genetic analysis to heart diseases such as Brugada Syndrome and atrial fibrillation (Dehghani-Samani et al., 2019) , with unclear function in somatosensation. Scn2b has been shown to modulate tetrodotoxin-sensitive channel expression and activities, and has been linked to the development of mechanical allodynia (Lopez-Santiago et al., 2006) . Besides, Cacng2 is the only enriched voltage-gated calcium channel in the MrgprA3 + neurons ( Figure 3B ). In spinal dorsal horn neurons, Cacng2 acts as an AMPA receptor regulatory protein and contributes to inflammatory pain (Sullivan et al., 2017; Tao et al., 2006) . Its polymorphisms have been associated with chronic pain after mastectomy as well (Bortsov et al., 2019) , although its role in itch transmission is not yet clear. Ttyh2 (Drosophila tweety homolog 2), a calcium-activated chloride channel (Suzuki, 2006) , is highly enriched in MrgprA3 + neurons ( Figure 3C ). Potassium channels constitute the largest ion channel family and have been demonstrated to be differentially expressed across somatosensory subsets (Chiu et al., 2014; Usoskin et al., 2015) .
We observed seven potassium channels enriched in MrgprA3 + neurons with Kcnk18 as the only enriched leaky potassium channel (TRESK, potassium channel, subfamily K, member 18) ( Figure 3D ) (Sano et al., 2003) .
To validate the enriched transcripts in vivo, we chose two novel genes identified to be highly 
Transcriptional profile of MrgprA3 + neurons was changed by atopic contact dermatitis
It is well recognized that pathological skin conditions can profoundly change the innervating sensory neurons morphologically and functionally. To examine how dermatitis changes the expression profile of itch-sensing neurons, we compared the sequencing data from neurons isolated under control and ACD conditions. The results showed that dermatitis treatment significantly changed the expression profile of both MrgprA3 + neurons and MrgprA3neurons, demonstrating the common neuro-immuno crosstalk between inflamed skin and innervating sensory neurons. We have identified 408 upregulated genes and 425 downregulated genes in MrgprA3 + neurons. Similarly, 292 upregulated genes and 420 downregulated genes were identified in MrgprA3neurons ( Figure 5A, Supplementary Table 3 ). Inflamed skin caused significant damage to all of the innervating sensory neurons, as demonstrated by the enrichment of GO terms such as programmed cell death (GO:0012501) and cellular response to stress (GO:0033554) in the differentially regulated genes in both types of neurons. Specific GO terms such as chromosome organization (GO:0051276) and histone modification (GO:0016570) are also associated with both groups, suggesting that skin inflammation affects the gene expression process in all innervating sensory neurons. However, the genes affected in the two neuronal populations are largely non-overlapping ( Figure 5A ), which indicates that MrgprA3 + neurons respond to the dermatitis condition in a very different way from other sensory neuron subtypes.
Indeed, unique GO terms are identified to be associated with the two neuronal populations. GO terms such as regulation of catabolic process (GO:0009894), golgi vesicle transport (GO:0048193), and cellular response to DNA damage (GO:0006974) are unique to MrgprA3 + neurons, while chemical synaptic transmission (GO:0007268), cation transmembrane transport (GO:0098655), and MAPK (GO:0000165) are uniquely associated with MrgprA3neurons ( Figure 5B) . A small percentage of affected genes (73 total in both Up and Down genes, Figure 5A , Supplementary Table 3 ) were changed in both neuronal populations, suggesting a common gene set might exist for sensory neurons to respond to the inflamed peripheral skin. Among them, 29 were upregulated in both neuronal populations, 35 were downregulated in both, and 9 showed different regulation in the two types of neurons. Although statistically significant GO Terms associated with those genes were not found, we identified several interesting genes including those related to inflammatory responses such as Il17ra (interleukin 17 receptor A), Tnfrsf1a (tumor necrosis factor receptor superfamily, member 1a), and Ptgfr (prostaglandin F receptor); those related to neuronal function such as Syt2 (synaptotagmin II) and Slc12a2 (Sodium/Potassium/Chloride Transporter, Solute Carrier Family 12, Member 2); and those related to intracellular signaling transduction in sensory neurons such as Pla2r1 (phospholipase A2 receptor 1) and Dgkz (diacylglycerol kinase zeta).
We next focused on gene transcripts that might contribute to the morphological or functional changes of sensory neurons. We first examined key transcription factors that are critical for changing the transcriptional profile. Distinct sets of transcription factors were identified within the two neuronal populations (Figure 6A ), the majority of which lack known sensory neuron function. Etv5, an essential molecule regulating sensory neuron differentiation and axonal growth during development (Fontanet et al., 2013) , is upregulated in MrgprA3 + neurons. Six4, a transcriptional factor required for the survival of sensory neurons, is downregulated in MrgprA3 + neurons (Konishi et al., 2006; Moody and LaMantia, 2015; Yajima et al., 2014) . Runx1 and Prdm12, both of which are required for nociceptor specification, are downregulated in MrgprA3neurons.
We then focused our analysis on the genes related to sensory neuron function ( Figure 6B ). Both MrgprA3 + and MrgprA3neurons showed distinct gene change pattern after ACD treatment.
Three itch receptors (Hrh2, Il31ra, and Lpar3) were changed in MrgprA3neurons, while we did not observe any significant change of itch receptors in MrgprA3 + neurons. ASIC3 (acid-sensing ion channel 3), P2rx5 (ionotropic purinergic receptor 5), and Ptges (prostaglandin E synthase) were changed in MrgprA3 + neurons, while Bdkrb2 (Bradykinin receptor beta 2), P2rx6 (metabotropic purinergic receptor 6) and Ptges2 (prostaglandin E synthase 2) were changed in MrgprA3neurons. A TNF receptor (Tnfrsf1a) and several interleukin receptors (Il1r1, Il1ra, and Il17ra) were changed, indicating their involvement in sensory neurons in response to skin inflammation. Interestingly, we observed a significant increase of Ngfr (nerve growth factor receptor, or P75) only in MrgprA3 + neurons, consistent with the role of NGF in promoting chronic itch and sensory nerve sensitization (Ikoma et al., 2006; Mollanazar et al., 2016) . Many ion channels have been identified as well, indicating the change of electrophysiological properties of neurons ( Figure 6C ). Among them, Cacng5 (calcium channel, voltage-dependent, gamma subunit 5) shows the greatest changes in MrgprA3 + neurons and Kcne3 (potassium voltage-gated channel, Isk-related subfamily, gene 3) shows the greatest change in MrgprA3 -
neurons.
Studies have shown that peripheral insults can lead to changes in the sensory signal transmission to spinal cord neurons and presynaptic regulation by the local spinal circuits or descending fibers. Indeed, we found significant changes in many neurotransmitter receptors ( Figure 6D ).
Among them, Gria2 (GluR2) was increased in both MrgprA3 + and MrgprA3neurons. Many genes related to synaptic transmission were also identified ( Figure 6E -F) including Syt2 (synaptotagmin II), which was increased in both neuron types, and Syt7 (synaptotagmin VII), which was decreased in both neuron types.
DISCUSSION
Molecular characterization of somatosensory neurons subtypes has been an effective approach to understanding sensory neuron function and circuitry. Although recent single-cell RNAseq analysis has revealed invaluable information on different types of sensory neurons (Chiu et al., 2014; Li et al., 2016; Usoskin et al., 2015) , the detail molecular characteristics of itch-sensing neurons have not previously been extensively investigated. Here we present transcriptional profiling of pruriceptive MrgprA3 + neurons at the population level and reveal the unique molecular signature of those neurons. Moreover, we, for the first time, demonstrate distinct transcriptional profile changes in itch-sensing neurons that result from atopic contact dermatitis.
Mrgprs are a large G protein-coupled receptor family containing more than 20 coding members in mice, with many exclusively expressed in sensory neurons (Dong et al., 2001) . Four Mrgprs including MrgprA1, MrgprA3, MrgprC11, and MrgprD have been identified as itch receptors and serve as molecular markers to classify pruriceptive neuronal populations (Liu et al., 2012; Liu et al., 2009; Meixiong et al., 2019) . Interestingly, we found that Analogous to the T2Rs bitter receptor family in the gustation system and odorant receptor family in the olfaction system (Secundo et al., 2014; Yarmolinsky et al., 2009) , Mrgpr family contains a large group of G protein-coupled receptors with different members detecting different chemical stimuli. MrgprA1 is activated by bilirubin and substance P and mediates cholestatic itch (Azimi et al., 2017; Meixiong et al., 2019) . MrgprA3 responds to anti-malaria drug chloroquine (Liu et al., 2009 ). MrgprC11 mediate Bam8-22, SLIGRL, cathepsin S, and cysteine protease Der p1induced itch (Liu et al., 2009; Liu et al., 2011; Reddy and Lerner, 2017; Reddy et al., 2015) , while MrgprD is responsible for -alanine-induced itch (Liu et al., 2012) . In the olfactory system, each olfactory receptor neuron within the olfactory epithelium only expresses a single odorant receptor. The identity of odorants is encoded by a combinatorial receptor code with each odorant receptor responding to multiple odorants and each odorant activating multiple receptors (Secundo et al., 2014) . This strategy allows the olfactory system to distinguish a massive number of odorant molecules, which is critical for recognizing food, predators, and mates. In contrast, in gustation system, it is more important for bitter taste to reveal the safety of potential food than to identify different bitter compounds. Therefore, multiple bitter taste receptors are co-expressed in the same taste receptor cells and stimulate the same neural circuits upon activation (Yarmolinsky et al., 2009 ). Our results demonstrate that the somatosensory system employs the same strategy as gustation system for detecting itch. Multiple Mrgpr itch receptors are highly enriched in MrgprA3 + neurons to ensure the detection of the somatosensory modality of the stimuli (itchy), while the identity of each pruritogen, which is not critical for the safety and survival of the animals, can be ignored. Similarly, the pruriceptive NP3 neurons also express multiple itch receptors including Il31ra, osmr, Cysltr2, Htr1f, and S1pr1. This expression pattern of itch receptors supports the hypothesis that itch sensing is mediated by a labeled line in the peripheral sensory neurons .
Our sequencing analysis reveals the expression of unique combinations of GPCRs, neuropeptides, neurotrophic factors, and ion channels in MrgprA3 + neurons. The analysis of many genes is consistent with previous single-cell RNA-seq analysis such as the enrichment of MrgprB4, Rspo1, and Gfra1 in MrgprA3 + neurons and the enrichment of Il31ra, Nppb, Sst, and Lpar3 in MrgprA3neurons (Li et al., 2016; Usoskin et al., 2015) . Our analysis also discovered several genes that have not previously been identified in MrgprA3 + neurons such as MrgprA4, MrgprA7, Ptpn6, and Pcdh12. Understanding the function of those genes in itch transmission will possibly lead to a better understanding of the basic mechanisms of itch transmission.
In skin, there are numerous cellular contacts between all innervating sensory nerves with cutaneous cells and immune cells. Therefore, it is not a surprise to observe significant changes in the expression profile of both MrgprA3 + neurons and MrgprA3neurons within atopic contact dermatitis. However, PCA-AUC analysis demonstrated that the ACD condition generated a much larger effect on MrgprA3 + neurons than it did on MrgprA3neurons, emphasizing the critical role of MrgprA3 + neurons in mediating ACD itch. Moreover, the genes affected in the two neuronal populations are largely non-overlapping, demonstrating the distinct gene regulation pattern of MrgprA3 + neurons by the ACD condition.
Chronic itch is induced by the generation of a high level of endogenous agonists for itch-sensing neurons in pathological conditions. It can be enhanced and maintained by the abnormal function of sensory neurons, as well as changes in the synaptic transmission between sensory neurons and spinal neurons. We did not observe any itch receptor change in MrgprA3 + neurons, suggesting that skin inflammation does not regulate receptor expression to changes neuronal sensitivity.
However, we observed a change in the expression of genes in the following categories:
transcriptional factors (such as Etv5 and Six4), purinergic receptor (such as P2rx5), ion channels (such as ASIC3 and Cacng5), neurotransmitter receptors (Gria2), and key molecules in synaptic transmission (such as Syt2 and Syt7), all of which may contribute to the generation of chronic itch in dermatitis skin. The change in the TNF receptor (Tnfrsf1a) and interleukin receptors (Il1r1, Il1ra, and Il17ra) also suggest one possible way that the sensory nerves respond to the inflammatory condition in the skin. In MrgprA3neurons, we observed the upregulation of three itch receptors Hrh2, Il31ra, and Lpar3 after ACD treatment. Lpar3 and Il31ra are highly expressed in pruriceptive NP1 and NP3 population respectively. These results suggest the involvement of all three types of pruriceptive sensory neurons in mediating ACD itch.
In summary, our study reveals the distinct transcriptional profile of pruriceptive MrgprA3 + neurons and unique gene regulation in response to peripheral allergic inflammation. Further functional studies investigating the role of newly identified genes in chronic itch will provide novel insights into the basic molecular and cellular mechanisms of itch and help to discover novel therapeutic targets for relieving itch.
MATERIALS AND METHODS:
Mice
All experiments were performed with approval from the Georgia Institute of Technology Animal Use and Care Committee. The MrgprA3-GFP-Cre line was generated previously and bred in the animal facility at Georgia Institute of Technology. All the mice used had been backcrossed to C57BL/6 mice for at least ten generations. 2-to 3-month old males (20 -30g) were used for contact dermatitis treatment. Mice were housed in the vivarium with 12-hr-light/dark cycle. The housing group was 5 at maximum with food and water ad libitum.
Contact dermatitis treatment
A mouse model of allergic contact dermatitis is produced by treating the skin with an allergen squaric acid dibutylester (SADBE, 25ul, 0.5% in acetone, Sigma-Aldrich, St. Louis, MO). On day 1-3, SADBE was applied to the shaved abdomen once a day to initiate T lymphocyte sensitization. On day 8-12, SADBE was applied to the shaved lower back skin to induce dermal inflammation. Since mice are not able to scratch their lower back efficiently, this skin area was selected for treatment to minimize scratching-induced skin injury. On day 13, 8 pairs of DRG in the lower thoracic region and lumbar region (T11-L6) that innervate the treated skin area were dissected for FACS sorting and RNA isolation. Animals were recorded for 60 min to examine spontaneous scratching behaviors before DRG dissection.
Flow cytometry and RNA isolation
DRG were collected in cold DH10 medium and digested in Collagenase/Dispase solution (Roche, Indianapolis, IN) at 37 °C for 30 min. After trituration, cells were filtered through a 100 μm strainer, centrifuged, re-suspended in HBSS and subjected to flow cytometry. GFP + cells and GFPcells were separated into different Eppendorf tubes containing RNAlater to preserve RNA quality at the time of isolation. Total RNA was extracted using the RNeasy Micro Kits with on column genomic DNA digestion (Qiagen, Germantown, MD) according to the manufacturer's protocol.
RNA-seq and bioinformatics analysis
Library construction and RNA-seq were performed by BGI Genomics. Briefly, RNA quality was determined by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Samples with RIN >7 were used for analysis. Polyadenylated mRNA libraries were generated using the oligo(dT) magnetic beads and were used for cDNA library construction, amplification and sequencing. RNA-seq was performed with the illumina HiSeq TM 4000 at a depth of 50 million single-end reads of 50 bp. After QC, the raw reads were filtered by removing adaptor sequences, sequences with more than 10% of unknown bases, and low-quality bases. After filtering, clean reads are mapped to reference genome by Bowtie2 (Langmead and Salzberg, 2012) , and then mapped read counts were normalized to the number of Fragments Per Kilobase of transcript per Million mapped reads (FPKM). Principal component analysis (PCA) was conducted using the FPKM data. To classify ACD and Ctrl conditions, we used support vector machine (svm) method (Cortes and Vapnik, 1995; Fawcett, 2006) neurons were identified and subjected for gene ontology (GO) analysis using WEB-based GEne SeT AnaLysis Toolkit (WebGestalt). All DEGs (833 genes in MrgprA3 + neurons and 712 genes in MrgprA3neurons) in Ctrl-MrgprA3 + vs AEW-MrgprA3neurons comparison were used for ontology analysis. Heat-maps were generated using the normalized read counts per gene. To enhance the visibility of the heat-maps, the read counts were normalized by subtracting the median count per gene and divided by the median absolute deviation per gene.
In situ hybridization
Lumbar DRGs (L3-L6) were dissected from WT C57BL/6J mice. In situ hybridization was 
